The E46+ strain of Adenovirus 7 is a mixedvirus population containing defective Adenovirus 7-SV40 hybrid particles and helper, nonhybrid Adenovirus 7 particles. We have applied electron microscopic mapping techniques to obtain a physical map The E46+ strain of adenovirus 7 (Ad. 7) (1) contains two types of virus particles: (a) hybrid particles that contain both Ad. 7 and SV40 DNA in the same Ad. 7 capsid, and (b) nonhybrid Ad. 7 particles that contain only Ad. 7 DNA (2-4). Hybrid particles differ from nonhybrid particles in several biological properties: they are defective and require coinfection with nonhybrid Ad. 7 for their replication (3, 4); they are able to induce SV40 T and transplantation antigens (but not SV40 capsid antigen or virus) (5-7); and they have a greatly increased oncogenic potential (8). To date it has not been possible to purify the hybrid particles away from the excess nonhybrid helper particles in the E46+ population (3, 9).
The E46+ strain of adenovirus 7 (Ad. 7) (1) contains two types of virus particles: (a) hybrid particles that contain both Ad. 7 and SV40 DNA in the same Ad. 7 capsid, and (b) nonhybrid Ad. 7 particles that contain only Ad. 7 DNA (2-4). Hybrid particles differ from nonhybrid particles in several biological properties: they are defective and require coinfection with nonhybrid Ad. 7 for their replication (3, 4) ; they are able to induce SV40 T and transplantation antigens (but not SV40 capsid antigen or virus) (5-7); and they have a greatly increased oncogenic potential (8) . To date it has not been possible to purify the hybrid particles away from the excess nonhybrid helper particles in the E46+ population (3, 9) .
Electron microscopic techniques have been developed for mapping the position and size of bacteriophage deletion and substitution mutations (10, 11) . These techniques were applied to obtain a physical map of the genome of the hybrid particles present in E46+PL1, a substrain of E46+ derived from a single (two-hit) plaque*. There is evidence that the Abbreviations: SV40, Simian Virus 40; Ad. 7, Adenovirus 7. * The E46+PL1 substrain was obtained from a plaque induced by plating the E46 + strain on monkey cells. Plaque induction required simultaneous infection with both a hybrid and a nonhybrid particle (3) , and both types of particles were recovered from plaques.
Ad. 7 and SV40 components of the hybrid-particle genome are covalently linked in a single DNA molecule (12) . Thus, denaturation and renaturation of E46+PL1 DNA should yield some molecules composed of one hybrid and one nonhybrid strand (heteroduplexes). Such heteroduplexes would be double-stranded molecules, except where the two strands are not homologous. Lack of homology between the two strands could arise from at least two sources: the presence of SV40 DNA in the hybrid strand and/or the deletion of a segment of Ad. 7 DNA from the hybrid strand. In either case, the nonhomologous regions would be expected to give rise to single-stranded loops, whose precise location and size could be determined. In this report, we show that a unique heteroduplex is formed after renaturation of denatured E46+PL1 DNA. On the basis of measurements of the lengths of the single-and double-stranded regions in this heteroduplex, we propose a model for the structure of the E46+PL1 hybridparticle genome.
MATERIALS AND METHODS
Viruses. The E46+PL1 strain of Ad. 7 originated as a plaque isolate from the E46AG8 passage of the E46 pool of the LL strain of Ad. 7 (3). It contains a mixture of hybrid (Ad. 7-SV40) and nonhybrid (Ad. 7) virions. The E46-strain (nonhybrid Ad. 7) was originally isolated from the E46 pool by limiting-dilution passage in human embryonic kidney cells (HEK) (3). Pools of both virus strains were obtained from W. P. Rowe. E46+PL1 was passed in African green monkey kidney cells (AGMK) and E46-in HEK cells. Stocks of these strains were free of Adenovirus-associated virus by complement-fixation tests (13 DNA molecules extracted from E46+PL1 virus particles. All the molecules in this preparation were linear. Under the conditions used in preparing the electron microscopic grids, (aqueous technique) (11), single-stranded DNA characteristically appears as a collapsed "bush" (see below). No intramolecular bushes were observed. The mean length of the molecules in the E46+PL1 population was 10.9 0.5 ,m. The E46-(pure nonhybrid Ad. 7) population also contained linear duplex DNA molecules (Fig. 1B) . The mean length of these molecules (11.2 + 0.4 Am) was not significantly different from that of the E46+PL1 molecules.
Electron Microscopy of Denatured and Renatured E46+PL1 DNA. A preparation of E46+PL1 DNA was denatured in alkali and then renatured at room temperature (11) . With the aqueous technique, heteroduplexes composed of one Ad. 7 DNA strand and one Ad. 7-SV40 hybrid DNA strand should contain one or more uniquely located single-stranded bushes. However, preparations of this type also generally contain molecules with bushes that are not due to the existence of nonhomologous regions in the two DNA strands, but to the presence of single-strand breaks (17) . In particular, about half of the molecules in the E46+PL1 preparation (and in control preparations of E46-) had bushes at one or both ends. The double-stranded portions of these molecules were very heterogeneous in length and were shorter than molecules without terminal bushes. It is likely that these molecules result from the renaturation of two DNA strands, one (Fig. 2) . Interestingly, this bush did not originate from a single point (as might be expected in the case of a heteroduplex in which one strand contains a simple insertion of a length of nonhomologous DNA), but was spread over a small region and was composed of several "bushlets" (Fig. 3A) . Previous studies (17) have suggested that this particular bush morphology is characteristic of a heteroduplex in which one strand is wild type and the other contains a genetic substitution, i.e., there is a deletion of a portion of the strand, with partial or complete replacement with nonhomologous DNA. Preparation mounted for electron miscroscopy by the aqueous procedure. The molecule shown has a single internal bush, at a fractional map position of about 0.06 (see Fig 2) . In the present case, the existence of a deletion is confirmed by the fact that the molecules with bushes were about 17% shorter than molecules without bushes (Fig. 4) . It should be noted that five molecules contained internal bushes that were apparently located at random (Fig. 2) Fig. 3B . At a point close to one end of the heteroduplex, there was an unpaired region with one of the two single strands significantly longer than the other. Other hypotheses, such as that the heteroduplex is formed by strands from two genetic variants of Ad. 7, are less likely for two reasons. First, the E46+PL1 virus used in these experiments was ultimately derived from a single plaque and second, the E46-(nonhybrid) population did not form these discrete heteroduplexes after denaturation and renaturation. Given this interpretation for the composition of the heteroduplex, there remains the problem of determining which of the two unpaired strands belongs to Ad. 7 and which belongs to Ad. 7-SV40. There are two possible ways of assigning the unpaired strands corresponding to two possible structures for the Ad. 7-SV40 hybrid genome (Fig. 5) . These two structures are distinguishable by virtue of the fact that structure A contains about 5% more DNA than the nonhybrid Ad. 7 DNA molecule and structure B contains about 5% less DNA. It can be calculated that Ad. 7 capsids containing structure A would have a buoyant density in CsCl about 2 mg/ml higher DNA than nonhybrid Ad.7. The deleted segment of Ad.7 DNA has been replaced with a somewhat longer segment of heterologous DNA. The size of the heterologous segment is equivalent to 1.12 SV40 genomes. Structure B follows from the opposite strand assignment. It contains 16% less Ad.7 DNA than nonhybrid Ad.7. The deleted DNA has been replaced by a heterologous segment, equivalent to 75% of a complete SV40 genome. Structure A is about 5% longer than a nonhybrid Ad.7 DNA molecule and structure B about 5% shorter.
than that of nonhybrid Ad. 7 virions, whereas Ad. 7 capsids containing structure B would have a buoyant density about 2 mg/ml lowert. The hybrid virions in the E46+PL1 population are 1-2 mg/ml less dense than nonhybrid Ad. 7 virions (9). It appears likely, therefore, that structure B is correct, i.e., the longer unpaired strand should be assigned to Ad. 7 and the shorter unpaired strand to Ad. 7-SV40. This view is supported by the fact that if the total double-stranded length of the heteroduplex is added to the length of the longer unpaired strand, the resulting sum (11.4,um) is very close to the total length of an Ad. 7 homoduplex (11.3 ,um) . On the basis of this strand assignment and the data of Table 1 , it may be deduced that the hybrid genome contains 16% less Ad. 7 DNA than the nonhybrid Ad. 7 genome. This deletion consists of the segment of DNA mapping between 0.05 and 0.21 molecular lengths in the nonhybrid Ad. 7 DNA molecule. The deleted DNA has been partially replaced by an amount of heterologous DNA equivalent to 75% of the complete SV40 genome.
The genetic functions specified by the segment of adenovirus DNA deleted from the hybrid genome are not known. However, this deletion, probably accounts for the defectiveness of hybrid particles (3, 4) .
The unique location of the unpaired strands in the Ad. 7: Ad. 7-SV40 heteroduplex indicates that the nonhybrid Ad. 7 DNA molecules constitute a nonpermuted population (21) . Using denaturation mapping techniques, Doerfiler and Kleinschmidt have reached a similar conclusion regarding Ad. 2 (22) .
The E46+ virus population was derived from a vaccine strain of Ad. 7 that had been propagated in monkey cells. The hybrid particles appeared after attempts to eliminate contaminating SV40 virus by passage with SV40 antiserum (1) . In retrospect, it seems clear that this procedure applied a strong selective pressure in favor of hybrid genomes that had incorporated the portion of the SV40 genome that is t Density changes (Ap) were calculated from: Ap = 0.036-y/(l + 0.098 -y), where -y is the fractional change in the size of the genome. This equation follows from Eq. (1) This event is similar to the postulated mechanism for X prophage insertion (19) . The second recombination event is intramolecular, and results in the deletion of portions of both the Ad.7 and the SV40 DNA to form a molecule whose structure is formally analogous to that proposed for the Ad.7-SV40 hybrid in the E46+PL1 population on the basis of the heteroduplex data. (It is postulated that the circular fragment that is also produced is nonviable.) This is similar to the proposed mechanism for production of Xdg DNA molecules (19) . An alternative model may be considered in which the second recombination event is intermolecular, involving HyI and a second Ad.7 molecule. This mechanism produces two products: one is identical to HyII and the other is an Ad.7-SV40 hybrid molecule that contains a duplication of part of the Ad.7 DNA.) responsible for enhancing the growth of Ad. 7 in monkey cells (18) . It is interesting to speculate on the nature of the molecular events that originally produced the hybrid genome. The structure of the hybrid genome described here suggests that two independent recombination events were involved. A possible two-step mechanism is shown in Fig. 6 . In the first step, a recombination event between a linear Ad. 7 DNA molecule and a circular SV40 DNA molecule results in the insertion of the entire SV40 genome into the continuity of
